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ABSTRACT

Background: Non-alcoholic fatty liver disease, or as recently proposed ‘metabolic-associated fatty liver disease’ (MAFLD), is characterized by
pathological accumulation of triglycerides and other lipids in hepatocytes. This common disease can progress from simple steatosis to stea-
tohepatitis, and eventually end-stage liver diseases. MAFLD is closely related to disturbances in systemic energy metabolism, including insulin
resistance and atherogenic dyslipidemia.
Scope of review: The liver is the central organ in lipid metabolism by secreting very low density lipoproteins (VLDL) and, on the other hand, by
internalizing fatty acids and lipoproteins. This review article discusses recent research addressing hepatic lipid synthesis, VLDL production, and
lipoprotein internalization as well as the lipid exchange between adipose tissue and the liver in the context of MAFLD.
Major conclusions: Liver steatosis in MAFLD is triggered by excessive hepatic triglyceride synthesis utilizing fatty acids derived from white
adipose tissue (WAT), de novo lipogenesis (DNL) and endocytosed remnants of triglyceride-rich lipoproteins. In consequence of high hepatic lipid
content, VLDL secretion is enhanced, which is the primary cause of complex dyslipidemia typical for subjects with MAFLD. Interventions reducing
VLDL secretory capacity attenuate dyslipidemia while they exacerbate MAFLD, indicating that the balance of lipid storage versus secretion in
hepatocytes is a critical parameter determining disease outcome. Proof of concept studies have shown that promoting lipid storage and energy
combustion in adipose tissues reduces hepatic lipid load and thus ameliorates MAFLD. Moreover, hepatocellular triglyceride synthesis from DNL
and WAT-derived fatty acids can be targeted to treat MAFLD. However, more research is needed to understand how individual transporters,
enzymes, and their isoforms affect steatosis and dyslipidemia in vivo, and whether these two aspects of MAFLD can be selectively treated.
Processing of cholesterol-enriched lipoproteins appears less important for steatosis. It may, however, modulate inflammation and consequently
MAFLD progression.

� 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. LIPOPROTEINS IN SYSTEMIC LIPID METABOLISM

Plasma lipids are transported within lipoproteins, a heterogeneous
group of mixed micelles differing by size, lipid composition, apolipo-
protein (APO) content, and tissue of origin. APOs confer multiple
specific functions that are important for the metabolism and regulation
of the various lipoprotein classes. Lipoproteins are characterized by a
monolayer of membrane lipids at the surface, predominantly phos-
phatidylcholine and unesterified cholesterol, while the hydrophobic
lipoprotein core contains mostly triglycerides, cholesterol esters and
the lipophilic vitamins A, D, E, and K.

1.1. Metabolism of APOB-containing lipoproteins
Lipoproteins from various classes serve distinct roles in systemic lipid
metabolism. The large, triglyceride-rich chylomicrons are assembled
around APOB48 in enterocytes of the small intestine and carry dietary
lipids [1]. The smaller very low density lipoproteins (VLDL) contain
APOB100, the full length version of APOB, and are produced in
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hepatocytes [2]. Both types of triglyceride-rich lipoproteins (TRL) serve
to transport fatty acids to peripheral organs, in particular adipose
tissues, skeletal muscle, and the heart (Figure 1). In the capillary lumen
of these organs, triglycerides are hydrolyzed by the enzyme lipoprotein
lipase (LPL) that requires APOC2 as an essential cofactor to generate
free fatty acids (FFA). These are taken up by the parenchymal cells and
re-esterified for storage or oxidized for energy production [3,4]. By
removal of triglycerides, the particles are transformed to so-called
remnant lipoproteins that are smaller and cholesterol-enriched.
These are taken up by hepatocytes through receptor-mediated
endocytosis [5]. Importantly, a significant portion of the VLDL rem-
nants, also known as intermediate density lipoprotein (IDL), is not
degraded but the particles further lose triglycerides by action of
intravascular lipolytic and transfer enzyme activities including hepatic
lipase (HL), cholesterol ester transfer protein (CETP) and phospholipid
transfer protein (PLTP) to become the cholesterol-rich low density li-
poproteins (LDL) [6]. LDL provide peripheral organs with cholesterol
and part of it circles back to the liver, ensuring efficient control of
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Figure 1: The liver as a central organ of lipoprotein metabolism. The liver internalizes lipids from the circulation including FFA released from WAT, TRL remnants and
cholesterol esters from HDL (not shown). The fatty acids entering the hepatocytes together with fatty acids derived from de novo lipogenesis are used for the synthesis of tri-
glycerides and other complex lipids (not shown). The triglycerides are in part stored in lipid droplets and in part used for the assembly of VLDL that are released into the circulation.
Here, VLDL together with intestinal-derived chylomicrons (CM) are processed in the capillaries of adipose tissues, the heart, and skeletal muscle by the enzyme LPL. LPL hydrolyzes
triglycerides and thereby generates FFA that are taken up by the cells of the respective organ for storage or energy generation. Through LPL-dependent triglyceride hydrolysis, TRL
become smaller and are thus transformed to cholesterol-enriched TRL remnants that are eventually taken up by hepatocytes through endocytosis and digested in the endo-
lysosomal compartment. Part of the VLDL remnants are further processed by other intravascular enzymes including hepatic lipase (HL) and phospholipid transfer protein
(PLTP) to become LDL. HDL particles are generated from lipid-poor APOA1 secreted from the liver (not shown) and during TRL processing (surface remnants containing APOA1).
Both LDL and HDL exchange cholesterol ester for triglyceride with TRL in a reaction catalyzed by CETP.
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systemic sterol metabolism by various hepatic pathways [5]. Next to
this physiological role, however, together with remnant lipoproteins,
they can passively accumulate in arterial walls, causing atheroscle-
rosis. Accordingly, high concentrations of LDL and APOB-containing
remnant lipoproteins are strongly associated with cardiovascular dis-
ease and death. Conversely, therapeutic lowering of cholesterol-rich
APOB-containing lipoproteins confers a clinically relevant reduction
in cardiovascular disease risk [7,8].

1.2. Metabolism of high density lipoproteins
High density lipoproteins (HDL) are the smallest lipoproteins containing
APOA1 as the defining structural protein that has multiple functions.
The best studied one is reverse cholesterol transport [9]. In this
pathway, APOA1 stimulates cholesterol efflux through the ATP-
dependent transporter ABCA1 with concomitant absorption of free
cholesterol from the cellular surface by the nascent HDL particle [10].
Next, APOA1 activates the enzyme lecithin-cholesterol acyl transferase
(LCAT) and thus the synthesis of cholesterol esters [11]. By formation
of a hydrophobic core, this allows growth of the particles and also
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involves a second cholesterol export pump, ABCG1 [10]. Eventually,
the mature HDL deliver cholesterol esters to hepatocytes either directly
via scavenger receptor B1 (SR-B1) or by delivering them first to APOB-
containing lipoproteins through the action of CETP. CETP is a plasma
protein that transfers cholesterol ester from HDL (or LDL) to TRL in
exchange for triglyceride. Although low HDL concentrations are
associated with cardiovascular disease, it is still debated to what
extent reverse cholesterol transport by HDL particles is causal in
preventing atherosclerosis [9]. Of note, in addition to APOA1, various
other proteins can be associated with HDL particles, in particular such
with anti-inflammatory and anti-oxidative function [12,13]. How these
HDL-associated activities influence cardiovascular function and the
immune system is currently under investigation.

2. METABOLIC-ASSOCIATED FATTY LIVER DISEASE AND
DYSLIPIDEMIA

A hallmark of non-alcoholic fatty liver disease [14e17] is the expan-
sion of hepatocyte lipid droplets (LDs) that contain triglycerides,
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Figure 2: Role of VLDL in MAFLD-associated dyslipidemia. MAFLD is caused by a chronically positive energy balance that leads to elevated triglyceride synthesis in the liver.
Part of the surplus triglycerides is funneled into synthesis of larger VLDL particles. Consequently, the concentration of these large triglyceride-rich VLDL particles in the circulation
rises, a hallmark of MAFLD-associated dyslipidemia. Other important characteristics of MAFLD-dyslipidemia are the presence of small dense LDL and low HDL cholesterol levels.
This is primarily caused by the high concentration of VLDL in the blood in combination with intravascular action of CETP and HL. In the presence of a high number of large VLDL
particles, this leads to the generation of both triglyceride-rich LDL and HDL. These lipoproteins are further processed leading to small dense LDL and small HDL. Small dense LDL
are more atherogenic than normal-sized LDL, because they pass endothelia more easily promoting plaque formation in the arterial wall. Because of their reduced size, small HDL
particles exhibit an increased propensity for excretion via the kidneys and thus have a shorter half-life in the circulation explaining low HDL levels.
cholesterol esters, and other lipid species. To better reflect the
metabolism-related etiology, a recent consensus was achieved to
change the nomenclature of this disease to metabolic-associated fatty
liver disease (MAFLD) [18]. At the tissue level, fat accumulation can be
benign, occurring without inflammation (hereafter referred to as
metabolic-associated fatty liver; MAFL). It can also progress to a state
of chronic inflammation accompanied by tissue damage (steatohe-
patitis). In particular, the latter condition is frequently associated with
fibrosis of varying degree, a condition characterized by collagen pro-
duction through transformation of hepatic stellate cells to fibroblast-
like cells. Although steatohepatitis is not directly life-threatening, the
patients have an increased risk of developing advanced liver disease
(fibrosis, cirrhosis, and hepatocellular carcinoma) and cardiovascular
disease, the latter being the major cause of death in patients with
MAFLD [17,19,20].

2.1. Lipotoxicity in MAFLD
One important aspect of MAFLD progression is lipotoxicity caused by
hepatic accumulation of lipids that can trigger cellular stress re-
sponses. In MAFL, lipid accumulation is generally benign because inert
lipid species such as triglycerides and cholesterol esters prevail at this
stage. Conversely, in steatohepatitis, elevated concentrations also of
free cholesterol, diacylglycerols, and/or ceramides are frequently
observed [21]. Free cholesterol and ceramides can promote cellular
stress responses, inflammation, cell death, and fibrosis in the liver
[22,23]. Ceramides and diacylglycerol species can induce insulin
resistance [24]. Thus, there is strong evidence for the notion that an
excess of lipids and its derivatives not safely stored as neutral lipids in
LDs can contribute causally to MAFLD progression.

2.2. MAFLD-associated dyslipidemia
Most patients with MAFLD exhibit at least some features of the
metabolic syndrome, in particular, overweight, insulin resistance, and
atherogenic dyslipidemia characterized by high plasma triglyceride
concentrations [25,26]. Accordingly, plasma lipoprotein patterns
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observed in MAFLD are similar or identical to those typically associated
with metabolic syndrome and type 2 diabetes. The following plasma
lipid traits are hallmarks of MAFLD-associated dyslipidemia: hyper-
triglyceridemia due to large VLDL particles (VLDL1), elevated con-
centrations of small dense LDL, and low HDL cholesterol [27,28]. This
lipoprotein profile typical for MAFLD can be explained by CETP activity
in the circulation. Under hypertriglyceridemic conditions, increased
exchange of cholesterol ester and triglyceride molecules between LDL
or HDL on the one side, and TRL particles on the other side, takes place
(Figure 2). This CETP-catalyzed lipid exchange, which is driven solely
by mass action, leads to a gain of triglycerides associated with LDL and
HDL, making these lipoprotein particles a better substrate of HL.
Consequently, they shrink through HL-mediated hydrolysis of tri-
glycerides, explaining the generation of small dense LDL and small
HDL particles (Figure 2). The latter are cleared by the kidney explaining
low overall HDL cholesterol levels. Thus, the increased concentration of
large TRL determines alterations in small dense LDL and HDL profiles
in subjects with MAFLD [28]. Together with accumulation of TRL
remnants (see section 6), this change in LDL and HDL is regarded as a
major reason for increased cardiovascular risk of individuals with
MAFLD [29]. Mechanistically, small dense LDL are particularly harmful,
as they can easily enter the vascular intima, which accelerates
cholesterol deposition in atherosclerotic plaques. In case of HDL, the
lower particle number observed in MAFLD subjects may impair
cholesterol homeostasis. Recent studies indicate that the capacity of
HDL-induced cholesterol efflux from cultured macrophages is lower in
serum from MAFLD patients compared to controls [30,31]. Conversely,
a small but detailed study found the opposite, namely increased
cholesterol efflux from macrophages and higher HDL turnover in vivo in
subjects MAFLD [32]. This study also found alterations in other HDL
functions. For instance, HDL-associated lipid peroxidation was
increased, whereas the activity of the anti-oxidative HDL-associated
enzyme paraoxonase-1 (PON-1) was diminished in patients with
MAFLD. Contrariwise, diminished PON-1 activity was not observed in a
large population-based study that did, however, use an indirect
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Figure 3: Relationship of liver steatosis with the VLDL secretory pathway. One important feature of hepatocytes is the ability to efficiently export excess triglycerides and
other lipids as VLDL. (A) If the rate of VLDL assembly and secretion is limiting, triglycerides are diverted to lipid droplets and the extent of steatosis increases. Impairment of VLDL
secretion can be caused by naturally occurring mutations in proteins pivotal for VLDL production (APOB, MTTP, TM6SF2), by insulin action, lack of the major VLDL surface lipid
phosphatidylcholine and possibly by reduced polyunsaturated fatty acids (PUFA) or by endoplasmic reticulum stress. (B) Clinical studies report that VLDL secretion, and in parallel
dyslipidemia, increase with progression of MAFLD along with liver steatosis. A plateau is reached at the MAFL or the steatohepatitis stage, probably because the VLDL secretory
capacity has reached a limit. In advanced liver disease such as cirrhosis VLDL secretion is reduced again, likely reflecting the loss of functional hepatocytes.
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method to diagnose MAFLD [33]. Overall, more work needs to be done
to better understand the association of cholesterol-, inflammation-,
and oxidation-related HDL functions with MAFLD and to determine the
relevance for disease development.

2.3. Dyslipidemia in the course of MAFLD progression
Dyslipidemia is not uniform across the stages of MAFLD. In general,
plasma concentrations of large VLDL particles (VLDL1) and small
dense LDL particles are higher in subjects with MAFL compared to
non-steatotic controls [34e36]. Some studies show a further, modest
increase in the transition from MAFL to steatohepatitis [34,36,37].
Progression to severe fibrosis or cirrhosis, however, is associated with
a decrease in the plasma concentrations of large APOB-containing
lipoproteins [34,35,38], a relationship supported by a large
population-based study utilizing a non-invasive algorithm to estimate
fibrosis [39]. Interestingly, a study reported decrease in ‘normal-sized’
VLDL2 particle from MAFL to steatohepatitis, and further to severe
fibrosis [37], possibly reflecting the progressive loss of healthy, non-
steatotic hepatocytes. Along these lines, a reduction of the liver-
derived atherogenic lipoprotein Lp(a) was observed in advanced
fibrotic stages of MAFLD [40]. Taken together, MAFLD dyslipidemia
appears to be most pronounced in MAFL or mild steatohepatitis, stages
characterized by pronounced liver steatosis, and it wanes in more
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advanced, fibrotic stages. This dependence on MAFLD stage is likely to
be explained by dynamic changes in VLDL production and disposal, as
will be discussed further below.

3. VLDL PRODUCTION IN MAFLD

A major function of hepatocytes in systemic lipid homeostasis is to
internalize circulating lipids, process them, and incorporate fatty acids
not required for cellular metabolism into triglycerides, cholesterol es-
ters and membrane lipids that are then released into the blood stream
as VLDL. The fatty acids used for VLDL lipids enter the hepatocytes
either as FFA through the plasma membrane (see section 7) or as
lipoprotein-borne lipids via endocytosis (see section 6). In addition,
hepatocytes synthesize fatty acids from glucose and other non-lipid
precursors by de novo lipogenesis (DNL) (see section 4). Liver stea-
tosis develops when hepatocyte triglyceride synthesis exceeds VLDL
triglyceride secretion. Consequently, the development of MAFLD is
tightly linked to VLDL production (Figure 3A). Disturbances in VLDL
secretion can not only cause the accumulation of triglycerides, but
equally that of lipotoxic lipids carried by VLDL [41], and thereby the
development and progression of the disease. Conversely, excessive
lipid storage in MAFLD promotes the secretion of VLDL and hence
dyslipidemia.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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3.1. Cellular mechanism of VLDL secretion
The first step of VLDL synthesis is co-translational lipidation of the
large APOB100 protein (in mouse liver also APOB48), a process
mediated by microsomal triglyceride transfer protein (MTTP) within the
endoplasmic reticulum (ER). Then, the nascent VLDL particle grows, at
least in part by receiving lipid from lipid droplets located in the ER
lumen that could be transferred by fusion [42] or intraluminal triglyc-
eride hydrolysis and subsequent re-esterification [43]. Further
expansion of the VLDL particle takes place after transfer to the Golgi
apparatus through mechanisms not well defined [44e46]. APOB-
containing nascent VLDL are transferred from the endoplasmic retic-
ulum to the Golgi apparatus in coat protein complexes (COP II) vesicles
[47,48], in a process that depends on the specific cargo receptor
SURF4 in mice and humans [49]. VLDL production is a variable and
regulated process. One major factor controlling the rate of VLDL pro-
duction is the availability of the major lipid component triglyceride. It is
well established that triglyceride accumulation in hepatocytes is
positively associated with plasma triglyceride concentrations [26] and
with the rate of VLDL triglyceride secretion [50e53].

3.2. Genetic polymorphisms modulating VLDL secretion
On the other hand, when VLDL secretion is impaired, this favors he-
patic lipid build-up, as demonstrated by severe liver steatosis in
subjects with defective VLDL lipidation and secretion due to rare, loss-
of function mutations in MTTP (abetalipoproteinemia) or in APOB
(homozygous hypobetalipoproteinemia) [54]. Next to these extreme
cases, common genetic polymorphisms in humans have confirmed the
close link of hepatocyte VLDL secretory capacity with liver steatosis.
This is particularly evident in the case of transmembrane 6 superfamily
2 (TM6SF2), an ER- and Golgi-resident protein. A loss-of-function
variant of TM6SF2 was discovered to be associated with MAFLD in
genetic association studies [55e57]. Accordingly, liver-specific
knockdown of TM6SF2 in mice increased liver fat while it decreased
the secretion of VLDL [55]. Similarly, knockdown in human hepatoma
cells led to lipid droplet growth and suppressed VLDL release [56].
Consistent with ameliorated dyslipidemia, the TM6SF2 variant was
found to be associated with reduced cardiovascular risk [58e60].
Subsequent research showed that livers of Tm6sf2 knockout mice
exhibit expanded lipid droplets and reduced secretion of VLDL-
associated triglyceride but no change in APOB secretion, suggesting
that TM6SF2 is important for proper VLDL lipidation but not VLDL
secretion per se [61]. The mechanisms underlying TM6SF2-dependent
lipidation have not been elucidated. Carriers of the loss-of-function
allele were reported to have reduced hepatic expression of several
genes related to triglyceride synthesis, for example diacylglycerol acyl
transferase-1 (DGAT1) and DGAT2 [62]. These enzymes catalyze the
final step in triglyceride synthesis, and DGAT1 appears to be especially
important for VLDL production [63]. This could explain the reduced
VLDL triglyceride secretion, however, not the increase in liver fat, as
mice lacking DGAT1 or DGAT2 have less steatotic livers [64,65].
Another interesting observation around the TM6SF2 polymorphism is a
reduced percentage of polyunsaturated fatty acids (PUFA) in hepatic
phosphatidylcholine species [62,66]. This alteration may be mecha-
nistically relevant, as it could influence physical properties of the ER
and/or nascent VLDL particles. Moreover, it has been known for a long
time that hepatic phosphatidylcholine availability is very important for
proper VLDL production and consequently the prevention of MAFLD, as
shown by numerous human and rodent intervention studies using
choline-deficient diets and knockouts of enzymes critical for phos-
phatidylcholine synthesis [67]. Of note, decreased PUFA content in
phosphatidylcholine was also demonstrated for a genetic
MOLECULAR METABOLISM 50 (2021) 101238 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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polymorphism (Ile148Met) of patatin-like phospholipase domain-
containing protein 3 (PNPLA3) [68], the most common NAFLD-
predisposing genetic polymorphism in humans [69] that is like the
TM6SF2 polymorphism associated with reduced VLDL secretion [70].
Enzymatic activities described for PNPLA3 include glycerolipid hydro-
lase [71] and lysophosphatidic acid acyl transferase [72]. Furthermore,
accumulation of the mutated protein at the surface of lipid droplets has
been observed [73]. As transgenic mouse experiments have produced
conflicting results [74], it is currently not clear whether decreased
phosphatidylcholine PUFA content, disturbed fatty acid transfer, a
mechanism involving disturbed mobilization of lipids from the lipid
droplets or other mechanisms underlie the MAFLD predisposition of the
PNPLA3 Ile148Met polymorphism.

3.3. Impact of insulin signaling and cellular stress on VLDL
secretion
Next to genetic predisposition, insulin signaling is an important factor
determining the balance of VLDL secretion and MAFLD. Insulin is an
established negative regulator of VLDL triglyceride and APOB secretion
[2,75]. Next to suppressing flux of the major VLDL triglyceride sub-
strate FFA to the liver by inhibiting white adipose tissue lipolysis (see
section 7), high insulin concentrations cause reduced expression and
activity of MTTP [76e78]. They also diminish the translation of APOB
mRNA [79] and promote the degradation of APOB through poorly
defined mechanisms [75,80]. Physiologically, these insulin effects
serve the purpose to transiently suppress lipid output from the liver to
allow efficient disposal of gut-derived dietary fat in peripheral organs in
the postprandial state. In individuals with MAFLD, basal VLDL pro-
duction is increased [50,52,53]) and insulin-dependent suppression of
VLDL secretion is impaired [51,81]. Individuals with MAFLD typically
exhibit both hepatic and peripheral insulin resistance, making it diffi-
cult to estimate the relative contribution of the liver versus other insulin
target tissues. The importance of liver insulin signaling was demon-
strated by liver-specific insulin receptor knockout mice that exhibit
constitutively increased VLDL secretion despite the absence of stea-
tosis [82]. In summary, insulin resistance causes increased VLDL
secretion in MAFLD compared to metabolically healthy states, a
mechanism that counteracts the build-up of hepatic lipid stores,
especially that of lipotoxic species, and is thus protective for the liver.
This adaptation is, however, limited, as shown by studies indicating
that VLDL secretion rates reach a plateau in mild to moderate steatosis
and may even decrease upon progression to severe steatosis [52,83]
and/or steatohepatitis [84,85]. Furthermore, experimental support for
impaired VLDL secretion in severe steatosis was provided by cell
culture studies showing that low exogenous fatty acids promote APOB
secretion whereas high exogenous fatty acids reduce it through lipid-
induced endoplasmic reticulum stress [86,87], which can for example
be triggered by excessive saturated FFA and ceramides [23]. The
endoplasmic reticulum is a major site of cellular lipid synthesis and
pivotal for lipid sensing [88,89]. Endoplasmic reticulum stress, when
unresolved, contributes to the development of insulin resistance,
inflammation and cell death associated with fatty liver [90,91]. Thus, it
does not only affect VLDL secretion but also many other disease as-
pects of MAFLD.
Taken together, both lipid-mediated stress as well as impaired insulin
signaling affect the ratio of hepatic triglyceride storage versus lipo-
protein secretion. Overall, a picture emerges where VLDL secretion
follows a biphasic pattern in the course of MAFLD (Figure 3B). It is
stimulated by increased liver lipid availability and insulin resistance in
the early stages of the disease. With further progression, VLDL
secretion drops due to hepatocyte stress responses or more general
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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loss of tissue function. Throughout the process, the balance of lipid
secretion and lipid storage in hepatocytes depends on the VLDL
secretory capacity, which is determined by both genetics and cellular
resilience.

4. DE NOVO LIPOGENESIS AND LIPOPROTEINS IN MAFLD

De novo lipogenesis (DNL), the metabolic pathway synthesizing
saturated fatty acids (SAFAs) and monounsaturated fatty acids (MUFAs)
from acetyl-CoA, typically accounts for only a small fraction of fatty
acids (ca. 5%) in the liver and in VLDL [92,93] of lean, healthy humans.
In MAFLD, however, the rate of hepatic DNL is strongly increased and
more than 25% of VLDL triglycerides can stem from DNL [92,94,95].
This increase in MAFLD compared to healthy subjects can be explained
to a large extent by induction of DNL enzymes [96,97], which occurs in
particular through sterol regulatory element binding protein-1
(SREBP1) and carbohydrate response element-binding protein
(ChREBP). These two transcription factors are activated by elevated
glucose flux as well as insulin signaling. Accordingly, hyperglycemic
and hyperinsulinemic conditions caused by energy excess promote
DNL by chronic SREBP1 and ChREBP activation in the liver (Figure 4)
[98e100].

4.1. DNL drives VLDL secretion
DNL is not only an important factor contributing to liver steatosis but is
also intimately linked to VLDL production. This is demonstrated for
example by the observation that ChREBP potently transactivates the
genes of MTTP and TM6SF2 along with those of the DNL enzymes
[101]. Further supporting a link to VLDL production, pharmacological
stimulation of another lipogenic transcription factor, liver X receptor-a
(LXRa), increases VLDL size but not particle number [98], suggesting
that DNL feeds preferentially into the growth of VLDL after initial lip-
idation of APOB [102]. These results were confirmed in another study
showing that LXRa activation affects VLDL particle size indirectly
Figure 4: De novo lipogenesis drives both VLDL secretion and liver steatosis.
Hepatic expression of the DNL enzymes depends on nutritional state. After food intake,
increased glucose metabolism and elevated insulin signaling increase the activity of the
transcription factors ChREBP and SREBP1, respectively. Under conditions of chronic
energy excess and hyperinsulinemia prevalent in MAFLD, both lipogenic transcription
factors and thus de novo lipogenesis are constantly active, which leads to elevated
triglyceride synthesis from saturated fatty acids (SAFA) and monounsaturated fatty
acids (MUFA). Stearoyl-CoA desaturase (SCD) catalyzes the generation of MUFA-CoA
that are efficiently incorporated into triglycerides via diacylglycerol acyl transferase-2
(DGAT2) that directly associates with SCD. Of note, induction of SCD was observed
to go along with increased VLDL secretion, and ChREBP promotes expression of
proteins important for VLDL assembly (MTTP, TM6SF2). Together these findings indi-
cate a strong link of DNL to VLDL secretion and dyslipidemia.
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through inducing SREBP1c [103]. Further evidence for the link be-
tween DNL and VLDL production was provided by studies investigating
stearoyl-CoA desaturase (SCD), the DNL enzyme that catalyzes a late
step in DNL, namely the generation of MUFA. Hepatic SCD activity is
increased in human MAFLD, as demonstrated by the selective increase
of the MUFA palmitoleate in VLDL lipids of steatotic compared to non-
steatotic individuals [104]. In rats, physiological stimuli that elevate the
hepatic expression of the rodent orthologue SCD1 were shown to
acutely stimulate VLDL secretion and plasma hypertriglyceridemia
[105,106], whereas Scd1 knockdown was found to reduce liver tri-
glyceride content, VLDL secretion, and plasma VLDL levels in MAFLD
mouse models [107,108]. Interestingly, SCD1 was shown to physically
interact with DGAT2 [109], which preferably incorporates DNL fatty
acids into triglycerides [63,110]. Knockout or inhibition of DGAT2 re-
sults in a lower VLDL secretion rate in rodents [110e112]. In sum,
these experiments indicate that SCD1 and DGAT2 together facilitate
and control the release of lipids derived from DNL into the circulation.

4.2. Effects of DNL inhibition on MAFLD and dyslipidemia
Enzymes catalyzing earlier steps in DNL have also been investigated
with regard to MAFLD and dyslipidemia. As these DNL steps are also
involved in other pathways of lipid metabolism [113,114], it is not
surprising that intervention studies produced complex results [115e
119]. Inhibition of fatty acid synthase (FASN), the enzyme synthesiz-
ing palmitate from acetyl-CoA and malonyl-CoA, using a small mole-
cule compound was found to reduce liver steatosis in some mouse
models whereas it had no effect in others [117,120]. The variable
results on liver triglyceride content, also observed in liver-specific Fasn
knockout mice [121], might be related to dual action on fatty acid
synthesis and oxidation which are both reduced upon FASN inhibition.
The effect on fatty acid oxidation is explained by the accumulation of
malonyl-CoA that allosterically inhibits carnitine-palmitoyl transferase-
1, the rate-limiting enzyme of mitochondrial fatty acid oxidation [113].
It is thus not clear whether FASN inhibition is a valid approach for
treating MAFLD or associated dyslipidemia. An enzyme that has been
more carefully studied with regard to lipoprotein metabolism is acetyl-
CoA carboxylase (ACC), the enzyme synthesizing malonyl-CoA. As
predicted, pharmacological inhibition of ACC was found to reduce liver
steatosis in rodents and humans. However, concurrently, the inter-
vention led to elevated plasma triglycerides in both the pre-clinical
models [115,116] as well as in the humans investigated in these
studies [116,122]. The mechanism could be narrowed down in the
rodent models to the activation of SREBP1c and subsequent induction
of its target genes such as glycerol phosphate acyl transferase-1
(GPAT1) that promote VLDL secretion. The unexpected activation of
SREBP1c could be linked to a decrease in PUFAs [115,116], which are
well-known endogenous inhibitors of SREBP1c [123,124]. The PUFA
reduction in the ACC inhibition experiments was probably caused by a
decrease of malonyl-CoA and thus increased mitochondrial fatty acid
oxidation [113]. Of note, these results are in apparent conflict with the
above-mentioned hypothesis that reduced phosphatidylcholine PUFA
secondary to TM6SF2 and PNPLA3 mutations (see section 3) cause a
reduction in VLDL secretion [62,68]. However, in those studies, PUFA
showed opposite regulations in hepatic FFA [62] and in triglycerides
[68], suggesting that TM6SF2 and PNPLA3 polymorphisms do not
cause general PUFA deficiency, which may explain the diverging ef-
fects on VLDL secretion. Another relevant DNL enzyme is ATP citrate
lyase (ACLY). ACLY has been primarily targeted as a drug target for
atherogenic dyslipidemia therapy. The enzyme produces cytosolic
acetyl-CoA and therefore provides the main substrate for both
cholesterol synthesis and DNL. The most advanced ACLY inhibitor,
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bempedoic acid, is liver-selective and efficiently lowers plasma LDL
cholesterol in humans [125]. In hyperlipidemic mice on an atherogenic
high fat diet, bempedoic acid suppressed hepatic DNL, corrected
hyperlipidemia and reduced liver steatosis [119,126]. Surprisingly,
liver-specific knockdown of Acly led to increased liver triglycerides in
mice on high-fat diet [118] but had the opposite effect in leptin
signaling-deficient db/db mice [127]. Although ACLY inhibition has the
potential to treat MAFLD in humans, more work needs to be done to
better understand the impact of ACLY inhibition on hepatic lipid
homeostasis.
In summary, hepatic DNL is generally increased in MAFLD and con-
tributes to both accumulation of lipids within hepatocytes and secretion
of VLDL lipids into the circulation. More studies are needed to better
understand the complex effects of selective DNL inhibitors on lipid
metabolism and thus to explore their safety and efficacy as medication
to treat MAFLD and MAFLD-related dyslipidemia.

5. PERIPHERAL LIPOPROTEIN PROCESSING IN MAFLD

In addition to secreting VLDL into the circulation, the liver regulates the
disposal of VLDL and chylomicrons in peripheral organs by secreting
factors that affect peripheral lipoprotein processing through modu-
lating the activity of LPL. In this section, we will discuss the evidence
indicating whether or how these factors are related to MAFLD.

5.1. APOC3
APOC3 is a protein involved both in peripheral and hepatic lipoprotein
processing. It is expressed principally by the liver and is a determinant
of plasma triglyceride levels in humans as shown by loss-of-function
APOC3 variants causing lower triglycerides and gain-of-function hav-
ing the opposite effect [128e131]. Rodent studies have identified
several mechanisms explaining the association of APOC3 with circu-
lating triglycerides. Next to the well-established inhibition of LPL and
thus attenuation of peripheral TRL disposal conferred by APOC3
[4,132,133], stimulation of VLDL secretion and inhibition of remnant
endocytosis have been reported as APOC3 effects in the liver
[132,134,135]. In support of LPL-independent mechanisms, APOC3
antisense therapy efficiently lowered triglycerides in patients with fa-
milial chylomicronemia that have very low or no residual LPL activity
[136]. APOC3 is positively associated with insulin resistance, which
can be explained by positive regulation of APOC3 expression by
glucose and fatty acids, and negative regulation by insulin [134].
Studies employing transgenic mice overexpressing APOC3 have
consistently reported plasma hypertriglyceridemia; however, conflict-
ing results with regard to MAFLD. One study showed that these mice,
when kept on a high-fat diet, were more insulin resistant and exhibited
more pronounced liver steatosis than control mice, which was attrib-
uted to increased lipoprotein uptake in the liver that was not accom-
panied by increased VLDL secretion [137]. Another study confirmed
insulin resistance and more pronounced steatohepatitis in APOC3
transgenic mice on high-fat diet; however, they reported accelerated
VLDL secretion [138]. Yet another study observed no effect on liver
steatosis in these mice (derived from same strain as that used by
[137]) on various diets but a clear induction of VLDL secretion [139].
Thus, the steatosis-inducing effects of APOC3 overexpression are
context-dependent and the studies suggest that APOC3 is not an in-
dependent risk factor for MAFLD. Consistent with this notion, one
human study reported that gain-of-function APOC3 promoter muta-
tions are associated with increased plasma triglycerides, insulin
resistance and liver steatosis [140]. However, this finding could not be
confirmed for the same genetic polymorphisms in subsequent studies
MOLECULAR METABOLISM 50 (2021) 101238 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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investigating other populations [141e143]. Furthermore, large
population-based studies found no association of APOC3 loss-of-
function mutations with liver fat content or plasma markers predict-
ing MAFLD [128,129]. Taken together, despite a close link to hepatic
and peripheral lipoprotein metabolism, APOC3 appears not to be a
major determinant of MAFLD development.

5.2. APOA5
APOA5 is an apolipoprotein that is expressed predominantly in the liver
and an important regulator of TRL metabolism [144e146]. In the
human population, genetic polymorphisms in the APOA5 gene are
important genetic determinants of plasma triglycerides with loss-of-
function alleles promoting hypertriglyceridemia [147e149]. Circu-
lating APOA5 is bound to VLDL, chylomicrons as well as HDL [150] and
lowers plasma triglycerides primarily by stimulating LPL-dependent
hydrolysis of TRL [151e154], with a preference for large particles
[103]. It also facilitates hepatic endocytosis of lipoprotein remnants
[155,156]. The important role of APOA5 in triglyceride metabolism
suggests an association with MAFLD. Evidence for this was provided
by a study describing higher APOA5 expression in the livers of MAFLD
patients [157] and concomitant reduction of hepatic APOA5 expression
and fat content upon weight loss in another clinical study [158].
Overexpression of APOA5 in hepatoma cells increased intracellular
lipid storage [159,160] and APOA5 was found on the surface of lipid
droplets under this condition [161]. Confirming these results in vivo,
overexpression of APOA5 in liver of mice moderately elevated the liver
triglyceride content in mice [162]. Conversely, APOA5 knockdown in
hepatoma cells decreased cellular triglyceride content [158]. Along
these lines, hepatic APOA5 knockdown in mice led to reduced pe-
ripheral and hepatic TRL clearance, which causes hypertriglyceridemia
and at the same time lower liver triglyceride content [163]. Whether
these findings can be translated to humans is an open question. A
recent genetic study found no clear link of APOA5 polymorphisms to
MAFLD diagnosed by ultrasonography [164]. Given the strong impact
of APOA5 mutations on plasma triglyceride concentrations in humans
and the observed association of an APOA5 mutant with hepatic lipid
droplets [148,149,165], surprisingly few clinical studies have been
conducted to determine the relevance of APOA5 for the development of
MAFLD.

5.3. Angiopoietin-like proteins
Three members of the angiopoietin-like (ANGPTL) family, ANGPTL3,
ANGPTL4 and ANGPTL8, regulate peripheral TRL processing. Both
ANGPTL3 and ANGPTL4 exert their intravascular function by inhibiting
LPL in a tissue-specific manner. ANGPTL8 is not an LPL inhibitor by
itself but is a modulatory factor that physically interacts with the two
other isoforms [166e169]. ANGPTL8 activates ANGPTL3, thereby
inhibiting LPL-dependent TRL disposal in heart and muscle [170,171].
Conversely, ANGPTL8 inhibits ANGPTL4 in adipose tissue and thereby
activates LPL [170,171]. ANGPTL8 is expressed at very low levels
during fasting and is strongly induced in the postprandial state [172e
175]. Thus, the overall role of ANGPTL8 appears to be to promote the
storage of dietary fat in adipose tissue after a meal and divert it from
oxidative tissues under this condition. Consistent with their effects on
LPL, ANGPTLs are major determinants of plasma lipid levels in
humans. Genetic studies found that carriers of ANGPTL3 [176,177]) or
ANGPTL4 [178e180] loss-of-function mutations have lower tri-
glycerides levels. Similarly, lowering of ANGPTL3 [176] or ANGPTL4
[178,181] by use of monoclonal antibodies or antisense oligonucleo-
tides (ASOs) led to reduced plasma triglycerides in humans. Despite
this clear impact on triglyceride metabolism, it appears that ANGPTL3
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plays a minor role in the development of MAFLD. One study reported
higher serum ANGPTL3 in steatohepatitis as compared to MAFL or
non-steatotic control subjects [182]. However, neither genetic
ANGPTL3 deficiency [183,184] nor pharmacological lowering of
ANGPTL3 [181,185,186] in humans and mice had an effect on hepatic
steatosis. Circulating ANGPTL8 levels are positively associated to liver
steatosis [187e189], which may, however, simply reflect the asso-
ciation of plasma ANGPTL8 with insulin resistance [190,191]. Of note,
ANGPTL8 KO mice had unaltered liver triglycerides [170]. Similarly, the
administration of an anti-ANGPTL8 antibody decreased plasma tri-
glycerides but had no effect on liver steatosis [192]. However,
ANGPTL8 ASO treatment of rats on high-fat diet reduced liver fat,
increased WAT uptake of fatty acids from TRL and selectively improved
hepatic insulin resistance [191]. Whether ANGPTL4 affects MAFLD in
humans is not known. Of note, adipose tissue-specific knockout in
mice reduces liver steatosis while improving plasma lipids and glucose
metabolism [193]. Thus, channeling fat away from the liver by
ANGPTL4 inhibition in adipose tissue is a promising approach to
counteract MAFLD in the context of the metabolic syndrome that
warrants further investigation.

6. HEPATIC LIPOPROTEIN PROCESSING IN MAFLD

The majority of the TRL remnants generated through LPL-dependent
peripheral triglyceride hydrolysis are subsequently returned to the
liver, endocytosed and digested by hepatocytes to make lipids avail-
able for re-secretion as VLDL, or alternatively for excretion via the bile
[194]. Humans with MAFLD have higher remnant lipoprotein concen-
trations [195,196] and liver fat content correlates with postprandial
lipemia [197]. This leads to the question whether hepatic uptake of
chylomicron remnants and IDL is involved in the development of
MAFLD. Here, we focus on the role of lipoprotein receptors and co-
receptors. The important aspect of endocytic trafficking for lipid
accumulation and lipoprotein secretion was reviewed recently [5,46].
The major receptor for cholesterol-enriched APOB-containing remnant
lipoproteins in hepatocytes is the LDL receptor (LDLR). Loss of function
mutations of the protein can cause severe hypercholesterolemia and
have adverse effects on cardiovascular health in humans [198]. Mouse
experiments indicate that lack of LDLR also promotes MAFLD devel-
opment. LDLR knockout mice when fed a high fat high cholesterol diet
exhibit exaggerated liver steatosis [199] and accelerated progression
to steatohepatitis [200]. To our best knowledge, however, the role of
LDLR in the development and progression of MAFLD is unclear in
humans.
An alternative receptor for remnant uptake is LDLR-related protein-1
(LRP1) [201]. Hepatic knockout of Lrp1 accelerated steatohepatitis
progression in mice on a high fat high cholesterol diet [202]. Similar
effects on MAFLD parameters were observed in the liver of Lrp1
knockout mice on a diabetogenic high fat diet [203]. Of note, an
opposite, protective effect in response to high-fat high-cholesterol diet
feeding was observed in mice with a mutated distal NPxY motif in the
intracellular domain of LRP1, a mutation that led to a compensatory
upregulation of the LDLR [204]. For efficient internalization, both LDLR
and LRP1 depend on APOE as co-ligand. APOE-deficient mice
exhibited more pronounced steatohepatitis than wild type mice when
fed chow or high-cholesterol diets [205e207]. Although APOE may
also affect hepatocellular lipid balance by regulating VLDL secretion
[208], these data are consistent with the notion that, despite increasing
the lipid load of hepatocytes, efficient uptake of cholesterol-enriched
remnant lipoproteins protects against diet-induced MAFLD. One
explanation for the protective effect of remnant clearance may be
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reduced extracellular generation of oxidized lipoproteins [200], parti-
cles that can promote MAFLD progression after uptake into liver-
resident Kupffer cells as well as infiltrating macrophages [209,210].
Other potential mechanisms are the induction of proteins mediating
cholesterol removal via the biliary route [202] and facilitated uptake
into hepatocytes of extracellular vesicles carrying the anti-
inflammatory micro RNA species miR-223 [211]. It is important to
note that lipid uptake as such does not protect from MAFLD but
apparently favors it. This is indicated by the observation that knockout
of the VLDL receptor (VLDLR), which predominantly mediates disposal
of larger, triglyceride-rich particles [212], protects mice against high
fat diet-induced MAFLD [213]. The VLDLR is expressed at low levels in
healthy liver but increased upon development of MAFLD in mice and
humans [214] and may thereby contribute to disease development.
Interestingly, mice lacking proprotein convertase subtilisin/kexin type 9
(PCSK9) that display higher expression of the LDLR, VLDLR and also
the fatty acid transporter CD36 in liver are more prone to develop
steatosis [215]. Along these lines, humans with a loss of function
PCSK9 mutation exhibit ectopic lipid accumulation in liver [216]. It is,
however, of note that PCSK9-deficiency causes an impaired beta cell
function and decreased plasma insulin levels, which could be a con-
founding factor influencing MAFLD development in PCSK9-deficiency
[217]. In summary, more research is needed to dissect the pleio-
tropic functions of PCSK9, the contribution of different lipoprotein re-
ceptors and processing of internalized lipoproteins for MAFLD.

7. ADIPOSE TISSUE - LIVER CROSSTALK IN MAFLD

7.1. WAT e liver crosstalk
WAT and the liver form a metabolic unit that stores and handles fatty
acids for use by other organs [194]. In white adipocytes, fatty acids are
liberated by lipolysis during catabolic states and these FFA are the
principal source for VLDL synthesis in the liver [95]. Importantly, too
much fatty acid release from WAT causes hepatic steatosis, since the
VLDL secretory pathway has limited capacity and is thus saturable
[52,83e85]. In obese subjects, hypertrophic insulin resistant white
adipocytes have elevated lipolysis and poorly stored fatty acids
[218,219], which explains the connection between obesity and MAFLD
[220,221]. Conversely, interventions reducing overweight and adipo-
cyte hypertrophy such as physical exercise lead to an amelioration of
MAFLD [222]. Importantly, FFA from WAT equally act as regulatory
molecules in hepatocytes that, through activating the transcription
factor peroxisome proliferator-activated receptor-a (PPARa), stimulate
fatty acid oxidation and reduce inflammation [223,224]. Similarly, the
adipokine adiponectin can counteract hepatic steatosis and inflam-
mation by activating PPARa and AMP-dependent kinase [225,226]. Of
note, hepatic PPARa is a major determinant of circulating fibroblast
growth factor-21 (FGF21), an endocrine hormone that alleviates liver
lipid load at least in part by stimulating the activity of lipid-combusting
BAT [224,227]. Taken together, WAT has a major impact on the
development of MAFLD by feeding the liver with fatty acids for lipid
synthesis (Figure 5). In addition, it exerts several hormonal actions on
the liver that have the potential to directly or indirectly influence MAFLD
by cross-talk with other organs such as BAT.
Another parameter determining MAFLD is the metabolization of
circulating FFA by the liver to generate triglycerides and phospholipids
for VLDL synthesis. This process is initiated by fatty acid uptake into
the hepatocytes. It has been reported that in the livers of humans
with MAFLD, expression of the fatty acid transporters CD36, fatty acid
transport protein-2 (FATP2) and FATP5 is elevated [228,229].
Importantly, silencing of the FATP5 gene (Slc27a5) protects mice
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Impact of adipose tissues on liver steatosis and dyslipidemia. MAFLD is associated with hypertrophic WAT, which is characterized by increased flux of FFA to the
liver. In hepatocytes, several transporter and enzymes (FATP5, CD36, THEM2, GPAT4, DGAT1) were found to be involved in the preferential incorporation of circulation-derived fatty
acids into triglycerides. On the other hand, little evidence exists that these triglycerides are selectively used for VLDL, as plasma FFA-derived triglycerides are also efficiently
incorporated into lipid droplet triglycerides. Interventions reverting WAT hypertrophy generally improve MAFLD by reducing the lipid flux to the liver. The mass and function of brown
adipose tissue (BAT) is generally decreased in metabolically unhealthy states such as obesity and probably also in MAFLD, a process called BAT involution. As BAT can take up
substantial amounts of lipid from the circulation and combust it, reactivation of BAT has the potential to divert lipid from the liver and thus ameliorate MAFLD.
from diet-induced MAFLD [230]. In humans, a gain-of-function pro-
moter mutation of SLC27A5 is moderately associated with liver
steatosis and postprandial plasma triglyceride concentrations [231].
Thus, facilitated uptake of fatty acids by hepatocytes appears to favor
not only lipid accumulation but also VLDL secretion. Downstream of
fatty acid uptake, several enzyme isoforms have been proposed to
preferentially use plasma-derived fatty acids for triglyceride synthesis
and subsequent incorporation into VLDL, including thioesterase su-
perfamily member 2 (THEM2) [232], GPAT4 [233], and DGAT1 [234].
Of note, individual knockout of these enzymes reduced liver fat
content in mice [64,235,236], indicating that they also synthesize
lipids for storage in lipid droplets. In the case of DGAT1, elevated
VLDL secretion rate was observed after overexpression of the enzyme
in the liver of mice in two studies [237,238] but not in another one
[239]. In all cases, DGAT1 overexpression also caused liver steatosis.
Thus, it appears unlikely that these enzymes preferentially provide
lipids for VLDL production and thereby affect the balance between
lipid storage versus secretion.

7.2. BAT e liver crosstalk
In contrast to WAT, BAT does not release FFA for the use of other
organs but burns them to generate heat [240]. In rodents exposed to
cold environmental temperatures, BAT is activated and becomes a
major sink of energy with fatty acids from TRL as the predominant
energy source [241]. Consequently, BAT activation leads to lowering of
MOLECULAR METABOLISM 50 (2021) 101238 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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plasma lipids [242] as well as accelerated flux of cholesterol-enriched
TRL remnants and HDL to the liver [243,244]. The latter does, how-
ever, not cause hepatic lipid accumulation but rather increased con-
version of cholesterol to bile acids and excretion from the liver [245].
Consistent with these alterations in lipid metabolism, BAT activation
ameliorates MAFLD [246] and enhances beneficial effects of calorie
restriction on steatohepatitis in mice [247]. Conversely, BAT inacti-
vation by warm (thermoneutral) housing exacerbates MAFLD in mice
[246]. Notably, activated BAT secretes the hormone neuregulin-4
(NRG4) which was reported to reduce DNL through ErbB3 and ErbB4
signaling in hepatocytes [248]. Thus, endocrine in addition to meta-
bolic functions of BAT have the potential to ameliorate steatosis and
dyslipidemia in MAFLD. In humans, cardiometabolic health as well as
MAFLD are inversely associated with the presence and abundance of
BAT [249,250] and BAT expresses lipoprotein-processing genes
[251,252]. These data point toward a lipid-lowering and liver-
protective role of BAT also in humans, even though their BAT is a
less prominent organ compared to that of rodents. Of note, the
contribution of human BAT to systemic processing and lipoprotein
disposal has not been studied extensively, which may be explained by
the lack of appropriate tracers used in positron emission tomography/
computer tomography (PET/CT). One PET/CT study showed relatively
low uptake of a chylomicron-borne fatty acid analogue into BAT of
cold-stimulated humans [253]. This may be explained by the slow
metabolization rate of the specific fatty acid analogue used in the
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experiments [254]. Alternative fatty acid analogues such as one re-
ported recently [255] need to be tested in future studies to obtain better
quantitative estimates of BAT lipoprotein uptake and lipid combustion,
and thus the metabolic impact of BAT on the development of MAFLD in
humans.

8. CONCLUSIONS AND PERSPECTIVES

The systemic metabolism of lipoproteins is closely linked to lipid ho-
meostasis in the liver and, consequently, the development and pro-
gression of MAFLD. The accumulation of lipids in hepatocytes as the
initiating event of MAFLD development is determined first by the efflux
of lipids, predominantly through VLDL secretion, second through fatty
acid and lipoprotein uptake, and third by de novo synthesis of fatty
acids. Genetic polymorphisms and interventions demonstrate that
functional alteration in single proteins of these pathways can be suf-
ficient to influence MAFLD. A better understanding of the interaction
between the branches of lipid metabolism within the liver is needed to
predict outcomes of specific interventions. In particular, there are gaps
in our knowledge regarding the subcellular compartmentalization of
lipid synthesis, storage, and secretion.
Liver steatosis and damage have a substantial impact on plasma
lipoprotein patterns, dyslipidemia, and consequently cardiovascular
health. The effect of plasma lipoproteins on MAFLD is less clear and
more research is warranted to understand how uptake of lipoprotein
particles into hepatocytes and particularly into liver-resident or
-infiltrating immune cells influences the progression of MAFLD. Along
these lines, deciphering the effects of cell type-dependent lipoprotein
processing on inflammation as compared to insulin resistance ap-
pears to be a promising research avenue towards better under-
standing the role of lipoprotein metabolism in the initiation and
progression of MAFLD.
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